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ABSTRACT
We present spectra of three gravitational lens systems taken with the Low Resolution
Imaging Spectrograph on the W. M. Keck Telescopes. All of the systems were discovered
in the JVAS and CLASS radio surveys, which were designed to find lenses suitable for
measuring H0. Previous spectra of these systems had low signal-to-noise ratios, and
only one of the source redshifts was secure. Our observations give unambiguous lens and
source redshifts for all of the systems, with (zℓ,zs) = (0.4060,1.339), (0.5990,1.535) and
(0.4144,1.589) for B0712+472, B1030+074 and B1600+434, respectively. The observed
image splittings in the systems imply that the masses of the lensing galaxies within
their Einstein rings are 5.4×1010, 1.2×1011, and 6.3×1010h−1M⊙. The resulting V -band
mass-to-light ratios for B0712+472 and B1030+074, measured inside their Einstein ring
radii, are∼ 10h (M/L)⊙,V , slightly higher than values observed in nearby ellipticals. For
B1600+434, the mass-to-light ratio is 48h (M/L)⊙,V . This high value can be explained,
at least in part, by the prominent dust lane running through the galaxy. Two of the
three lens systems show evidence of variability, so monitoring may yield a time delay
and thus a measurement of H0.
Subject headings: distance scale — galaxies: distances and redshifts — gravitational
lensing — quasars: individual (B0712+472, B1030+074, B1600+434)
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1. Introduction
It has been known for many years that gravita-
tional lens systems can in principle be used to deter-
mine the values of various cosmological parameters.
Refsdal (1964) described a method by which varia-
tions in intensity of a multiply-imaged background
source could be used to determine the Hubble Con-
stant. A well-constrained model of the lensing poten-
tial can be used to predict differences in light travel
time along the multiple paths from source to observer;
knowing the redshifts of the background source and
the lensing galaxy for each system is crucial to this
method. The ratio of the observed to the predicted
time delays is directly proportional to H0. Time de-
lays have been measured for two lens systems to date:
0957+561 (Kundic´ et al. 1995; Kundic´ et al. 1997a;
Oscoz et al. 1997) and 1115+080 (Schechter et al.
1997; Bar-Kana 1997). Combining the measured time
delays with current models for these systems has given
values of H0 in the range ≈ 60–70 km/sec/Mpc for
0957+561 (Kundic´ et al. 1997a; Oscoz et al. 1997;
Falco et. al 1997) and ≈ 40–55 km/sec/Mpc for
1115+080 (Schechter et al. 1997; Keeton & Kochanek
1997; Kundic´ et al. 1997b; Courbin et al. 1997). Im-
provements in the time delay measurements and ad-
ditional constraints on the lens models are expected.
The value of Refsdal’s method will be proved if several
lenses can be used to measure H0 and give consistent
values.
The Jodrell-VLA Astrometric Survey (JVAS; Pat-
naik et al. 1992; Browne et al. 1997b) and the Cosmic
Lens All-Sky Survey (CLASS; Jackson et al. 1995;
Myers et al. 1995; Browne et al. 1997a; Myers et al.
1997) contain observations of ∼10,000 flat-spectrum
radio sources. One of the primary goals of these sur-
veys is to find gravitational lens systems which can
be used to measure H0. To date, 11 new gravita-
tional lenses have been discovered in the JVAS and
CLASS surveys, and 16 lens candidates are being in-
vestigated further. The lens and source redshifts have
been determined for almost all of the newly discov-
ered lens systems. This paper presents spectra taken
at the W. M. Keck Observatory of three of the sys-
tems with missing redshifts, B0712+472, B1030+074
and B1600+434. There is evidence of variability in
B0712+472 (Jackson et al. 1997b) and B1600+434
(Jaunsen & Hjorth 1997), so at least two of the sys-
tems present the possibility of being used to measure
H0.
We use H0 = 100 h km s
−1 Mpc−1 and assume
q0 = 0.5 throughout this paper.
2. Targets
Below we present information on previous obser-
vations of the lens systems that are discussed in this
paper.
2.1. B0712+472
This lens system consists of four images of the
background source in a typical lensing geometry (e.g.
Blandford & Narayan 1992). The maximum image
separation is 1.′′27. Radio maps made with the VLA
and MERLIN do not resolve the four images (Jackson
et al. 1997b). Images taken with WFPC2 on HST
show all four images and, in addition, the lensing
galaxy (Jackson et al. 1997a). Photometry derived
from the WFPC2 images give the lens magnitude as
V ∼ 20.2 and I ∼ 20.01, measured in an elliptical
aperture with major and minor axes of 2 and 1′′, re-
spectively (Jackson et al. 1997b). The total source
magnitudes, assuming the images were point sources,
were V ∼ 23 and I ∼ 22.5. Low signal-to-noise ratio
optical spectra of the system, taken with the William
Herschel Telescope (WHT), show weak broad emis-
sion lines (C IV, C III], Mg II) giving a source redshift
of zs ∼ 1.33, and a “hint of Ca H and K” absorp-
tion, which tentatively gives zℓ ∼ 0.40 (Jackson et al.
1997b). The redshifts derived from the WHT spectra,
especially that of the lens, are not secure. However,
both are confirmed to be correct by the observations
described in this paper.
2.2. B1030+074
The B1030+074 system consists of two flat-spectrum
radio components separated by 1.′′56 with a flux ra-
tio of 15 to 1 (Browne et al. 1997a; Xanthopoulos
et al. 1997). These components are unresolved at
the milliarcsecond resolution of VLBI. The system
was imaged with WFPC2 and both images of the
background source are seen, as is the lensing galaxy.
Component A, the brighter image, has magnitudes of
V ∼ 20 and I ∼ 19 and component B is ∼2.5 – 3
magnitudes fainter in each band; the lensing galaxy
is estimated to have magnitudes I ∼ 20.5 and V ∼ 22
1In this paper all WFPC2 F555W and F814W magnitudes have
been converted to Johnson V and Cousins I magnitudes, re-
spectively, using transformations in Holtzman et al. (1995).
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(Xanthopoulos et al. 1997). Spectra taken with the
COSMIC spectrograph (Kells et al. 1997) on the Hale
Telescope show no clear spectral features (Vermeulen
& Womble, private communication).
2.3. B1600+434
This system is also a double, with separation 1.′′4
and a flux ratio of 1.30 to 1 at radio wavelengths
(Jackson et al. 1995). Jaunsen & Hjorth (1997) have
imaged the system with the Nordic Optical Telescope
and find that the lensing galaxy is an edge-on spi-
ral with B = 23.6, V = 22.0, R = 21.1, and I = 20.3.
The background source images have total magnitudes
of B = 21.9, V = 21.7, R = 21.1, and I = 20.4. Imag-
ing with WFPC2 has shown that the lensing galaxy
has a prominent dust lane along its major axis (Jack-
son et al. 1997a). Previous spectroscopy with the
WHT detected broad C IV, C III] and Mg II emission
lines from the background source. These lines give a
source redshift of zs = 1.61, but no redshift for the
lens was determined (Jackson et al. 1995). Jaunsen
& Hjorth (1997) used the lensing galaxy colors to get
a photometric redshift of z ∼ 0.4, which is confirmed
by the observations presented in this paper.
3. Observations and Data Reduction
All three of the systems were observed with the
Low Resolution Imaging Spectrograph (LRIS; Oke et
al. 1995) in longslit mode on the Keck Telescopes.
The 300 g/mm grating was used, giving a scale
of 2.44 A˚/pix. The longslit was aligned with the
major axis of the lensing galaxy (B0712+472 and
B1600+434) or the axis defined by the two images
of the background source (B1030+074). All objects
were observed for 3000 sec total integration time;
other details of the observations are given in Ta-
ble 1. The data were reduced using standard IRAF2
routines. The bias levels were estimated using the
overscan region on the chip. For the observations of
B1600+434, the flat-field frame was constructed from
dome flats; in all other cases, exposures with the in-
ternal flat-field lamp were used. The spectra were
extracted using the IRAF implementation of the “op-
timal extraction” technique described in Horne (1986)
and Marsh (1989). For the 1997 Feb 07 observation
2IRAF (Image Reduction and Analysis Facility) is distributed
by the National Optical Astronomy Observatories, which are
operated by the Association of Universities for Research in As-
tronomy (AURA) under cooperative agreement with the NSF.
of B0712+472 and the 1997 Feb 14 observation of
B1030+074, the emission from the background source
and the lensing galaxy were spatially separated on the
slit, so two spectra were extracted for each system.
Wavelength calibration was performed using sky lines
(1997 Feb 07) or arc lamps taken after each science
exposure (all other observations). Observations of the
Oke spectrophotometric standard stars G191B2B and
HZ44 (Oke 1990) were used to remove the response
function of the chip. For the data taken on 1996 June
18 and 1997 Feb 14, exposures of BL Lac objects were
used to remove atmospheric absorption features. The
individual spectra for each object were weighted by
their signal-to-noise ratios and combined.
4. Results
The final spectra are shown in Figures 1 – 5. For
each lens system, the spectral features (Table 2) can
be explained as the sum of a lens at zℓ and a back-
ground source at zs, where a single choice of zℓ and
zs (Table 3) suffices. Uncertainties in the redshifts
were estimated by taking the RMS scatter in the red-
shifts calculated from the individual spectral lines.
For B1600+434 the source redshift uncertainty was
estimated as half the difference of the redshifts cal-
culated from the two broad emission lines. Further
discussion of the individual systems follows below.
4.1. B0712+472
The B0712+472 spectra show a lensing galaxy at
zℓ = 0.4060 and a background source at zs = 1.339.
These results confirm the Jackson et al. (1997b) tenta-
Fig. 1.— Spectrum of lensing galaxy in B0712+472
system taken on 1997 Feb 06.
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Table 1
Observations
Source Date Telescope texp (sec) Slit Width (
′′) P.A. Coverage (A˚)
B0712+472 1997 Feb 06 Keck II 3000 0.7 75 3593–8588
1997 Feb 14 Keck II 3000 0.7 79 4208–9206
B1030+074 1997 Feb 14 Keck II 3000 1.0 322 4211–9208
B1600+434 1996 Jun 18 Keck I 3000 1.0 −120 4606–9358
Fig. 2.— Spectrum of background source in
B0712+472 system taken on 1997 Feb 06. The spec-
trum also includes a significant amount of light from
the extended lensing galaxy. The C III], C II] and
Mg II are associated with the background source. All
other lines are associated with the lensing galaxy.
Fig. 3.— Spectrum of lensing galaxy in B1030+074
system taken on 1997 Feb 14.
Fig. 4.— Spectrum of background source in
B1030+074 system taken on 1997 Feb 14. The C III],
C II] and Mg II emission lines are associated with
the background source. All other lines are associated
with the lensing galaxy.
Fig. 5.— Spectrum of B1600+434 containing light
from both the lens and the source. The C III] and
Mg II emission lines are associated with the back-
ground source. All other lines are associated with the
lensing galaxy.
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tive redshifts. The lensing galaxy has a typical early-
type galaxy spectrum (e.g. Kennicutt 1992). The
moderately strong 4000A˚ break, small equivalent-
width Balmer absorption lines and lack of O II emis-
sion indicate that little star formation is occuring
in this galaxy. The background source shows broad
C III] and Mg II emission lines typical of a quasar
spectrum.
4.2. B1030+074
The B1030+074 system contains a lensing object at
zℓ = 0.5990 and a background source at zs = 1.535.
In this system as well, the lensing object spectrum
is typical of an early-type galaxy. The background
source shows broad C III] and Mg II emission lines.
The broad emission lines have low equivalent widths,
raising the possibility that the background source is
a BL Lac-type object. It should be noted, however,
that the source spectrum is almost certainly contam-
inated by some light from the lensing object, which
will raise the continuum level and reduce the apparent
equivalent widths of the lines.
4.3. B1600+434
The B1600+434 spectrum has the lowest signal-to-
noise ratio of the observations presented in this pa-
per. However, both lens and source redshifts (zℓ =
0.4144, zs = 1.589) are clearly determined. The back-
ground source is a quasar with broad C III] and Mg II
emission lines, as was seen in Jackson et al. (1995).
The lens spectrum is indicative of a later galaxy type
than that observed in the B0712+472 and B1030+074
systems. This spectrum has [O II] emission and a less
prominent 4000A˚ break. This is consistent with im-
ages of the lensing galaxy which show that it is an
edge-on spiral (Jaunsen & Hjorth 1997; Jackson et
al. 1997a). For later calculations, we will assume that
the lensing object is an Sa or Sb galaxy. However, de-
termining the galaxy type from the spectrum may be
complicated by extinction from the dust lane, which
runs the length of the observable disk (Jackson et al.
1997a).
5. Discussion
In order to use a lens system to measure H0, it
is necessary to first know the source and lens red-
shifts. These redshifts are used to derive the angular
diameter distances to the source and the lens, which
have an inverse dependence on H0. The observed im-
age positions and other information can then be used
to construct a model of the lensing potential. The
lens model is combined with the angular diameter dis-
tances to give predicted time delays:
∆ti = (1 + zℓ)
DℓDS
cDℓs
[
1
2
|θi − β|
2 − φ(θ)
]
,
where Dℓ, DS and Dℓs are the angular diameter dis-
tances to the lens, to the source, and between the lens
and source, respectively; θi is the image position; β
is the source position and φ is the scaled lensing po-
tential (e.g. Hogg & Blandford 1994). The predicted
time delay is proportional to h−1 from the ratio of
angular diameter distances. Thus, if the background
source is variable and time delays can be measured,
the ratio between the observed and predicted delays
will give h.
We can also use these lenses to study the properties
of galaxies at moderate redshifts. For example, the
extent of the image-splitting by the lens gives a dircect
estimate of the mass inside the Einstein ring of the
lens. For the lens systems discussed in this paper, the
Einstein ring radii correspond to physical sizes of 2 –
3h−1 kpc. The mass is estimated as (e.g. Blandford
& Narayan 1992):
ME ∼ 1×10
12
(
D
1 Gpc
)(
θE
3 ′′
)2
M⊙, D ≡
DℓDs
Dℓs
,
where θE is the angular radius of the Einstein ring.
For these lenses, we find values of ME ∼ 5 × 10
10 −
1× 1011h−1M⊙.
With the above masses and the photometry for
these systems, we can compute approximate mass-to-
light ratios for the lensing galaxies. For B0712+472
and B1030+074, the lens magnitudes discussed in
Section 2 were taken within apertures roughly the size
of the Einstein rings in the systems, so we use those
values in the following calculations. For B1600+434
we have used the WFPC2 images to estimate the lens
magnitude in the appropriate aperture, finding I ∼
21.8. We converted the observed I-band magnitudes
to rest-frame V -band magnitudes using k-corrections
for the lens redshifts and rest-frame (V − I) colors
for typical E/S0 (for B0712+472 and B1030+074)
and Sa (B1600+434) galaxies. The resulting mass-
to-light ratios for B0712+472 and B1030+074 are
∼ 10h(M/L)⊙,V . For B1600+434 we find (M/L)E =
48h(M/L)⊙,V , confirming the value found by Jaun-
sen & Hjorth (1997).
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The values of mass-to-light for B0712+472 and
B1030+074 are slightly higher than mass-to-light ra-
tios of nearby ellipticals within the same physical radii
(e.g. van der Marel 1991; Gerhard et al. 1997). We
note that we are biased toward finding high mass
systems when looking for gravitational lenses, since
these systems have a larger cross-section for lensing.
Also, the slightly different apertures used to compute
the masses and luminosities may be biasing the re-
sults toward higher mass-to-light ratios. In addition,
the presence of dust in the lensing galaxies would
cause some of the light to be lost, thereby increas-
ing the observed mass-to-light ratio. The dust lane in
B1600+434 is clearly seen and is responsible, at least
in part, for the very high mass-to-light ratio calcu-
lated for this system. There is also evidence for ab-
sorption by dust in B0712+472 (Jackson et al. 1997a).
Evidence for dust has been seen in other lens systems
as well (Larkin et al. 1994; Malhotra et al. 1997), in-
dicating that dusty lenses may be quite common. In-
frared imaging of these systems would provide more
accurate measurements of the mass-to-light ratios.
6. Prospects for Measuring H0
In order to use these systems to measure H0, well-
constrained models of the lensing potentials must be
constructed. The following observations could pro-
vide data that would aid in the modelling: (1) de-
tecting milliarcsecond-scale structure in the radio im-
ages, (2) determining the velocity dispersion of the
lensing galaxy or, in the case of B1600+434, measur-
ing the galaxy rotation curve, and (3) imaging the
systems at high-resolution with NICMOS to provide
accurate positions of the lensed images with respect
to the lensing galaxy, unbiased by dust extinction.
The final piece of the H0 puzzle is measuring time
delays between the lensed images. Jackson et al.
(1997b) find slight variability in the component fluxes
in B0712+472, with a ∼30% overall decrease in flux
between 1995 and 1996. The background source in
B1600+434 appears to be variable as well. Our VLA
observations of B1600+434 show that between 1995
and 1996, the flux densities of the two components
decreased by ∼50%, and the component flux ratio
changed from 1.30 to 1.11. In addition, Jaunsen and
Hjorth (1997) see optical variations in B1600+434.
Thus, at least two of the sources show variability and,
if observed regularly, present the possibility of being
used to measure H0.
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Table 2
Detected Spectral Lines
Observed Wavelength
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aMay be blended with Hǫ λ3970.
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bUncertainties calculated assuming a 0.1 magnitude uncertainty in photometry.
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